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Organisms  in which the effective  direct current resistance of intact 
protoplasm may be measured are  necessarily few, since in  most tissues 
the resistances of intercellular  spaces, walls, vessels,  etc.,  remain un- 
certain.  In suspensions  of cells  the volume  is difficult  to estimate 
accurately; in closely  packed cell  masses centrifuged therefrom, some 
liquid still  remains  between  the cells,  and  certainly  many  cells  are 
injured or killed  by the treatment  (as may be seen if  one attempts to 
re-suspend the mass). 
The injury  probably accounts  for the low specific  resistance  of such masses. 
The figures  given  by McClendon  I  illustrate  this:  his  values  for  specific  resistance 
(low  frequency  A.C.,  and  D.C.) range  from  324  ohms for  ox  erythrocytes  in  serum 
to  3944  ohms  for  hog  erythrocytes  in  sugar  solution. Since  such  a  cubic  centimeter 
volume is several thousand cells thick, with twice that number of cell surfaces 
placed in series and presumably additive in resistance, it is seen that the maximum 
individual surface resistance is 1 ohm or less per square centimeter.  McClendon  2 
gives the value of 0.1 ohm for beef erythrocytes.  This very low figure is probably 
due to leaks and to injured cells although it is possible that erythrocytes are ex- 
ceptional in their low resistance. 
In the large single cells of Valonia the resistance of the shunt around 
the cell (cellulose wall) may be much more satisfactorily estimated by 
actual  isolation,  i.e.,  replacement  of  the  protoplasm  and  sap  by 
air.*  Difficulties of maintaining the wall (imbibed with sea water) in 
the  same  condition as  in life prevent the measurements  from being 
absolute, but the calculated value of  10,000 ohms or more per square 
t McClendon,  J. F., Protoplasma, 1929, 7, 561. 
McClendon,  J. F., I. Biol.  Chem., 1926, 69, 733. 
s Blinks, L. R., J. Gen. Physiol.,  1929-30, 13, 361. 
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centimeter of protoplasmic surface, in the majority of cells, is much 
higher than has been demonstrated previously by direct methods. 
In general the higher the value of the shunting resistances  (walls) 
the  more  accurate  will be the measure  of those  in  the protoplasm. 
For this purpose a  fresh water organism, with walls imbibed with tap 
water  or  distilled water,  is  more  advantageous  than  a  marine  one, 
necessarily covered with well-conducting sea water.  The long multi- 
nucleate  cells of the  fresh water  plant  Nitella  (Y. flexitis  has  been 
chiefly employed) meet these conditions  very well and are shown in 
the present paper to have a high effective protoplasmic resistance. 
Method 
The chief technical difficulty is the measurement of resistance under 
the application of very small potentials, in order to avoid stimulation  4 
and injury, with their persisting effects on normal resistance values. 
This is accomplished by the direct current bridge with vacuum-tube 
detector,  previously  described?  With  this  circuit  a  galvanometer 
sensitivity of 1 ram. for a 1 per cent unbalance of the bridge is obtained 
when only 50 my. are applied to resistances as high as 3 or 4 megohms; 
a balance can be made to 5 per cent under applications of 10 to 15 Inv. 
The current flow in the latter case is less than 0.005 microampere. 
The usefulness of this bridge depends on the detector being actuated by differ- 
ences of potential only, and not by the absolute current flow through any arm. 
When a given potential is applied to the bridge, the detector responds with a con- 
stant deflection for a given ratio of resistances, whether the actual resistances are 
large or small.  It is thus available for very. high resistances,  and can be used to 
follow changing resistances as a deflection instrument without balancing. 
In order to use the equal ratio arm bridge at these high resistances,  an extra 
decade of 100,000 ohm steps was constructed of selected wire-wound"Electrad" 
resistors, with baked enamel coverings.  These were accurate to 1 per cent and 
had a  very small phase  angle,  giving no perceptible reactance when balanced 
against electrolyte or metal film resistances.  For standards and ratio arms of 1 
megohm,  frequently calibrated "grid leaks" (of metal film on glass), were used. 
For the lower values (1-100,000  ohms)  and the 1000 ohm ratio arms,  General 
Radio Company resistances  were used. 
The general circuit and the use of the vacuum tube detector are described in 
4 Blinks, L. R., Harris, E. S., Osterhout, W. J. V., Proc. Soc. Exp. Biol. and Med., 
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a  previous paper.  3  In order to avoid stimulation by potential differences exist- 
ing between the contact points on the cell, these l'.D.'s were balanced out by an 
equal and opposite potential from a  potentiometer in series.  The existence of 
such  potentials  almost  always  signifies that  stimulation has  occurred  shortly 
before.  With carefully treated cells they are absent or very low. 
The apparatus is shown in Text-fig. 1.  As with Valo~ia, the cell wall is made the 
oldy electrical leak around the protoplasm.  The cell is supported by agar blocks 
in order to control the dimensions and the area of current flow.  For uniformity 
Covee.~  /iFluicl  05cat  ,  ,.,__  --~  ~Contact 
X4  ater  ~  .---  WateP 
.......  Ag-A~a  Ag-A~Cl 
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TExz-FIG. 1.  Apparatus used for measuring resistances of Nitella.  a, electrodes 
and holders with cell in place.  The outer ends of the cell rest on paraffin blocks to 
insulate them from the stage T.  A pool of tap water on these blocks keeps the 
cells from drying out.  b, end view of agar block A  with cell in the slot, covered 
with agar to make contact all round.  The slot is filled with the desired solution. 
c, side view of Mocks (AA) showing arrangement for a 0.5 cm. length of contact. 
d, glass cradle for lifting cells out of water and upon contacts. 
these blocks are cut by a spaced pair of blades to be 1 x 1 cm. in cross section, and 
are about 3 cm. long.  These are imbibed with the desired solution.  They can be 
combined in groups of 2 or 3 to give longer contacts.  For shorter contacts part of 
the block is cut away as shown in the figure, giving for example 0.5 cm.  Slots are 
cut down about 2 mm. into the surface to receive the cell and to keepit  covered with 
a  small amount of fluid.  To insure more certain contact all  around the cell a 
smaller agar cover may be placed over the slot.  The air gap (l)  is measured, or 
spaced by one of the cut blocks which is then  removed.  It may be varied by 
sliding the blocks upon intermediate agar stages, T.  The latter are usually im- 
bibed with tap water or dilute NaC1, and rest in turn upon the plugs Q, which are 498  D.  C.  RESISTANCE  OF  NITELLA 
set into the paraffin blocks rather tightly and are imbibed with 0.1 ~ NaC1.  They 
make contact with the electrodes through more 0.1 ~ NaCI, which is renewed from 
time to time to equalize the potentials of the electrodes. 
The electrodes may be quite small, due to the very small current densities sent 
through them; coiled silver wire, frequently recoated with chloride, is very saris- 
factory, and the photographic  records show such electrodes to  have  only very 
slight polarization with much larger current densities than are used in the experi- 
ments.  The resistance of  the  conducting system up to the cell is from 3000 to 
8000 ohms (when the upper  movable blocks are imbibed with tap water,, 0.001 
NaC1 or 0.001 ~ KC1).  This is much less than 1 per cent of the resistance of the 
intact ceils and about I0 per cent of that of dead ceils.  It is subtraQted from the 
observed values to give the net resistances (R), and allowance may be made for its 
reduction of the potential applied to the cell, when significant. 
Careful  handling  of  the  ceils  is  extremely  necessary  and,  as  in 
Valonia, the importance of the  previous history is very much greater 
as  a  criterion  of  their  condition  during  the  experiment  than  any 
observation of subsequent behavior or length of life.  For instance, 
Nitella  is  stimulated by  various  treatments  it  might  receive  while 
being cut free from its neighboring cells: mechanically (by bending 
and pulling); electrically (by contact with scissors, by charges from 
the hands of the operator, by potential differences set up in neighboring 
cells which are cut) ; and chemically (by salts set free at cut ends and 
diffusing through the water).  The latter leave an effect which may be 
detected for a day or more by markedly lower resistances.  The effects 
of KC1 are especially slow to disappear. 
Since some of these stimulations are impossible to avoid in the pre- 
paration of the ceils, it is necessary here,  as with Valonia, ~ to reach 
uniformity by keeping the separated cells for some time under favor- 
able conditions.  Two days sojourn in tap water or distilled water is 
sufficient to bring most of the Nitella cells to a  rather high resistance, 
but the longer the recovery the better  their condition.  Single cells 
from cultures kept 2 or 3 months in covered pans in diffuse light reach 
much higher resistances, as will be seen from the data to be presented. 
All  these  precautions  are  of  little  avail  if  in  placing  the  cell  in 
the apparatus it is subjected to bending or is handled by metal forceps 
or by the fingers conveying static charges to it.  If a  cell is observed 
immediately after such  treatment,  it will almost invariably display 
large potentials representing more or less of its recovery from stimula- L.  R.  BLINKS  499 
tion.  The cell must be handled with glass or bone-tipped forceps and 
preferably lifted out of water supported from below on a glass cradle 
(Text-fig. I d) in which it is lowered upon the agar contacts. 
Resistance of Cells 
It is instructive to consider the variation in cells freshly cut from 
the plants and later recovering from the effects referred to  above. 
(Standard contacts of 1 cm. (tap water) and an air gap of 1 cm. are to 
be understood throughout, unless otherwise noted.  Temp. 17°-20°.) 
A  group  of plants was  cut  1  week after collection, and  53  cells 
measured within 1 hour after cutting.  The cells were distributed into 
two groups:  (a)  25 had a resistance above 1 megohm; (b) 28, below 1 
megohm.  These were kept overnight in tap water and in the morning 
the two groups were nearly alike (one cell had died): 
Below 1  1-1.5  Above 1.$ 
Group  megohra  megohrns  megohms 
(a) .......................  8  10  7 
(b) .......................  9  S  l0 
On the third day all but 2 cells had a megohm or more resistance and 
17 cells had reached 2 megohms or higher. 
On the fourth day 4 cells had reached 3 megohrns or more and an 
equal number were above 2 megohms.  All the rest were distributed 
between 1 and 2 megohms.  In general the latter values hold for most 
cells which are used for daily experimentation.  5 
Very careful handling and segregation of Nitella, however, causes 
its average resistance to go still higher.  This was the case with a 
series of cells which had been in the laboratory over 2 months, undis- 
turbed in a pan of water covered with a glass plate.  In a group of 26 
such cells, 8 had 3 megohms resistance or higher, and only 5 had less 
than 2 megohms--3 of these after accidental stimulation.  Thus half 
the cells  lay between 2 and 3 megohms.  Two days later much the 
5  In some groups of cells the resistance may remain markedly lower for a much 
longer time than is here indicated.  The conditions of this reduction are not fully 
understood but probably involve the composition  of the New York City tap water, 
which at times is definitely  toxic.  The effect seems to be a much longer retention 
of salt in the protoplasm, giving resistances of 0.3 to 0.5 megohm.  These  cells 
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same values held, the only cells (3 in number) below 2 megohms being 
those which had been stimulated accidentally in measurement. 
With these values for reference it is of interest to compare the resist- 
ances of living cells with those of dead cells.  Killing with chloroform 
or high potentials (1 volt, frequently reversed), brings the value very 
uniformly to 50,000 or 60,000 ohms.  This is true for all cells of the 
average diameter (0.05  cm.). 
If a  dead cell is allowed to stand in tap water the salts diffuse out 
and the resistance rises in time to a high value again, often to about 2 
megohms.  A dead cell kept several hours in distilled water may have 
5  megohms or more resistance. 
These values are in the range given for healthy cells, but there is no 
difficulty in  distinguishing between  such water-filled walls  and the 
living cells.  Aside from visible criteria such as color, turgor, regularity 
of chloroplasts, and cyclosis, there are electrical differences.  Thus: 
1.  Living cells show characteristic "transient" effects at the appli- 
cation and removal of even the lowest potential (Plates 6 and 7). 
In the  study of these  quick responses  the string  galvanometer  (connected 
through the vacuum tube detector) is of great advantage over  tlie ordinary gal- 
vanometer of the Wheatstone bridge.  Photographic  records  of  the  projected 
string image show these transients as abrupt movements away from the zero line, 
when the battery circuit is closed and opened (the bridge having previously been 
balanced  to the steady state). 
The downward movement in each record occurs with the closing of the battery 
circuit (make).  Current begins to flow  through the bridge, reaching a steady value 
nearly instantly in each arm except that containing the living cell.  Through the 
latter a larger current at first starts to flow, producing  a downward jump of the 
string, but a back E.M.F.  builds up, which decreases the current flow until a smaller 
constant value is reached.  The string returns in a regular curve to the zero line 
representing  the balance for the steady state. 
At "break" there there is an equivalent  upward movement due to the back 
E.M.F. which has been developed.  As this is discharged the image returns to zero, 
representing no current flow in the bridge. 
These  phenomena will be considered more fully in a  later paper. 
For present purposes large transient effects may be regarded as evi- 
dence of normal condition (Plate-fig. 1 a).  Injured cells show much 
shorter transients (Plate-fig.  1 b),  and dead cells are practically non- 
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2.  When the applied potential is increased to between 20 and 50 my. 
the  living  ceils  almost  always  undergo  stimulation,  giving  typical 
diphasic action potentials as high as 125 mv.  (PJate-fig. 1 d).  Dead 
cells show no such effect. 
3.  Increase of applied potential to 100 my. or more causes a falling 
off of resistance in living cells, the more marked the higher the po- 
tentials, while dead ones have a constant resistance over a wide range 
of current density. 
1dall  -- 
Vacuole  ~ 
.......... .  .................. ~.:~ :::...:.;;:.:::,:::.L.:.:.:.:.:.:.:~  ............. ,:.~. ........... 
(b)  P t .... ~P 
T~.xT-FIc. 2.  (a) Diagram of possible current paths  in the Nitella cell; (b) 
equivalent circuit.  AA,  agar blocks.  PP, across protoplasm; L,!lalong proto- 
plasm;  W, along wall; S, through vacuole. 
Resistance of Protoplasm 
When comparison is made between a living cell and a dead one taken 
immediately after killing (before salts can diffuse out) it is seen that 
there is an immense reduction in resistance; in the case of good cells 
it may be from 3,500,000  ohms (live) to 60,000  ohms (dead).  Thus 
the living value is over 50 times the dead value, which is  comparable 
to the ratio observed in  Valonia,  3 and is much greater than in most 
other organisms hitherto reported upon.  It is evident therefore that 
the intact protoplasm must have at least  the resistances indicated 
(from 1,000;000 to 3,500,000  ohms) and may have more, depending on 
the value of the leaks around the cell.  (This, of course, depends on 
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the sap on injury or death.)  Text-fig. 2  shows  the  possible  circuits 
in the cell.  (R is the resistance of the cell as measured in the bridge.) 
If there were no leak along  the  wall  (W  =  oo), R  would equal 2P, 
and P  would range from 0.5  to  1.75 megohms.  For an area  of  0.16 
sq. cm. at each contact, this gives a  value of  from 83,000  to  290,000 
ohms  per  square  centimeter of protoplasmic  surface.  But  the  cell 
wall is a  shunt of definite resistance,  which may be estimated by the 
direct method. 
Direct Method of Measuring Wall Resistance 
The procedure is the same as that employed with Valonia' and  in- 
volves the isolation of the cellulose wall in conditions comparable  to 
the living  state. 
After sufficient measurements have been made on the intact cell, it is cut at one 
end and the sap and protoplasm are driven out under tap-water, by pulling  the 
cell through the fingers.  When the pressure is removed the wall expands again 
and water rushes  back into the lumen.  Squeezing the cell several  times serves 
to wash out all the contents.  The cell wall is then squeezed flat into a ribbon, 
removed to the air, gently dried and blown up with air through a capillary.  The 
wall is stiff enough to remain expanded, at least over part of its length.  This air- 
filled wall is placed in position on the agar blocks and thoroughly drenched on the 
outside with tap water from a pipette to restore its moisture content.  Owing to 
the small diameter of the cell, excess drops do not tend to collect upon it in the air 
gap but move to the agar, where there is a slight spread of water by capillarity 
from the blocks out upon the cell  (Text-fig.  1 c).  This increases  the  effective 
area of contact, and must be allowed for. 
It is found, if this experiment is carefully done and no liquid creeps 
along inside the lumen, that the resistance of the air-filled wall is from 
5,000,000 to 10,000,000 ohms per centimeter of length, depending on 
its  thickness,  moisture  content,  and  salt  content  of  the  water.  If 
imbibed with distilled water the value is even higher. 
Taking 6,000,000 ohms as a  good value for the  resistance of the 
wall (W), it is seen from the relation 
WR 
s  + 2P = w------k 
(as in Text-fig. 2) that P  has the values shown in Table I, for cells of 
several observed resistance values (R).  S  may be neglected as being 
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The area of contact (1 cm. long) for a  cell of diameter 0.05  cm. is 
about 0.16 sq. cm.  Thus for Nitella cells in good condition the effective 
resistance of protoplasm in  contact with tap water ranges between 
100,000  to  700,000  ohms per square  centimeter of surface with the 
most common value from 200,000  to 250,000  ohms per square centi- 
meter. 
TABLE I 
D. C. Resistance of Cells (R) and of Protoplasm (P) 
O~ffl$ 
1,0O0,0O0 
2,000,000 
3,000,000 
3,500,000 
WR 
W--R 
okras 
1,200,000 
3,000,000 
6,000,000 
8,400,000 
P 
okras 
600,0O0 
1,500,0O0 
3,000,0O0 
4,200,000 
P /sq.cm. 
ok~ 
100,000 
250,000 
500,000 
700,000 
The higher values represent the increase as the cells remain undis- 
turbed in tap water, after separation from the plant.  This rise seems 
to be produced by the diffusion of KC1 out of the protoplasm into the 
surrounding water, or by its absorption into the vacuole.  Thus the 
higher values of P  probably  are  due to more nearly potassium-free 
protoplasm.  (Replacing  the  cells  in  solutions  of  higher  KC1  con- 
tent causes the decrease of resistance again, as is shown later.) 
That this is the resistance across the protoplasm  and  not,  for in- 
stance, that of a  path along it parallel to the wall (L in Text-fig. 2), 
is shown by a relative method which consists in changing areas of con- 
tact, and length of gap between contacts. 
Relative Measurement of Surface  Resistance 
If the current path through the living cell were chiefly along L, in- 
creasing the length of the gap should increase the measured resistance 
in direct proportion to the length.  Table II shows that no such rela- 
tion holds.  Only a small increase occurs corresponding to the greater 
length of path through the sap,  which is a  much better conductor. 
The actual length of the gap therefore has only a small effect on  the 
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On the other hand, the area of contact has a large effect, as is  shown 
in Table II for a typical cell.  Calculated in  terms of P  the resistances 
are as shown  in  Table III. 
TABLE II 
D. C. Resistances by the Relative Method 
Nitella 
(gap varied) 
(contact varied) 
Ckara coronala 
(diameter greater) 
Dimensions 
Diam.of  i Leon~  th  Lengthof 
cell  contact 
cm. 
0.05  1.0 
i  1,0 
1,0 
1.0 
0.05  0.5 
1.0 
2.0 
1  3.O 
i 
gap (l) 
0.5 
1.0 
2.0 
3.0 
1.0 
1.0 
1.0 
1.0 
Resistances 
Live cell  Dead cell 
(R)  (s) 
ohm  ohms 
2,000,000  40,000 
2,050,000  60,000 
2,120,000  130,000 
2,200,000  200,000 
Cell wall  Cell wall 
filled with  filled with 
tap water .  air (W) 
ohms  ,  ohms 
1,ooo,ooo13,ooo,~ 
2,000,000  6,000,00C 
4,000,00ff 10,000,00G 
6,000,000 15,000,000 
I 
2,100,000  6,000,000 
2,000,000  6,000,00C 
2,000,00C  6,000,000 
2,000,00C  6,000,000 
500,000:  1,500,00[] 
2,400,000  70,000 
2,000,000  60,000 
1,300,000  60,000 
1,000,000  60,000 
0.1  1.0  1.0  700,000  40,000 
TABLE III 
Relative Protoplasmic  Resistances  (Calculated from Table II) 
Length 
of 
contact 
¢m. 
Nitella .....................  O. 5 
....................  1.0 
"  2.0 
"  ....................  3.0 
Chara .....................  1.0 
ok 
2,40 
2,00 
1,30 
1, o 
wW-~R 
~  ohms 
,000,0¢ 
,000,0( 
,600,0( 
,200,0( 
,320,0( 
P  at 
contact 
2,000,000 
1,500,000 
800,000 
600,000 
660,000 
~rea o: 
:ontacl 
~q. cm. 
0.08 
0.16 
0.32 
0.48 
0.32 
Surface 
resistance 
per square 
centimeter 
ohms 
160,000 
240,000 
256,000 
288,000 
200,000 
Length of gap  --- 1 cm.  W  =  6,000,000 ohms. (Nitella.) 
W  =  1,500,000  "  (Chara.) 
The resistances per unit  surface are  relatively constant  and lie in 
the  range  calculated  by the  direct  method.  The  value  for 0.5  cm. 
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than the measured one due to creeping of drops along the cell.  Thus 
the effective contact is more nearly 0.75 cm.  The larger contacts are 
less subject to this error. 
Similar  calculations based on varying the length of gap  (Table II) 
give the following specific surface resistances: 
Gap 0.5 cm.  500,000 ohms 
1.0  "  250,000  " 
2.0  "  210,000  " 
3.0  "  200,000  " 
Here again  the  most discrepant  reading  is that  of the  short  length 
where there is the most uncertainty due to the creeping of fluid.  An 
arithmetic average of all the values calculated from Table II is 268,000 
ohms.  Omitting  the  figures  derived from 0.5  cm.  contacts and  0.5 
cm. gap the average value is 250,000 ohms per square cm. of surface. 
Effect of Salts 
As indicated in the Valonia paper  3 the significance of the high  direct 
current resistance of living ceils depends on our assumptions concern- 
ing the physical nature of the protoplasm.  The data of the present 
paper may be taken further to rule out the surface as an inert, possibly 
lipoid film (acting like a dielectric and passing  a  few ions  indiscrimi- 
nately by leakage).  Its function is more clearly indicated as an elec- 
trode, or phase reversible to some ions and not to others.  The NiteUa 
cell is very selective in its response to different salts. 
The resistances recorded for tap water contacts are typical of those 
observed when the cells are in contact with more concentrated solu- 
tions of the chief salts of tap water.  Thus the values are much the 
same with contacts consisting of solutions of NaC1 or CaCI~  even up 
to 0.01 ~.  Contacts with 0.01 ~r LiC1, NI-I~C1, and MgSO4 give values 
not very different from these.  0.1 ~t NaC1 at the contacts lowers the 
resistance somewhat but it may still be as high as 1,500,000 ohms with 
the standard contacts and is usually above 1 megohm. 
Such high resistances may be due to (1)  the low mobility of ions in 
the protoplasm; (2) the back E.~r.F. developed by the flow of current. 
The latter is analogous to the polarization of an electrode in the pres- 
ence of salts to which it is not reversible.  While the mechanism  of 
polarization  at such a  surface as that of protoplasm is not yet saris- 506  9.  C.  RESISTANCE  OF  NITELLA 
factorily explained, the obvious effect is that very little current flows 
after the transient effects are over.  This may be taken as indicating 
that the effective permeability of the protoplasm for most of the com- 
mon ions is low. 
Solutions  of KC1,  on  the  contrary,  have  an  exceptional  effect in 
lowering the resistance.  Even with contacts of 0.001 ~  KC1 the cells 
seldom have resistances above 1.5 megohms and with contacts of more 
concentrated  solutions  they have  proportionally  less.  Thus  0.01  M 
KC1 at the contacts lowers the resistance to 0.4 or 0.5 megohm, and 
0.1  M KC1 to 0.1  megohm  or slightly higher.  Recovery from such 
exposures is very slow. 
These reductions  are parallel  to  those produced on the P.D. across 
the protoplasm by KC1, in distinction from NaC1, and it is quite prob- 
able that  the  reason is the same in both cases; namely, the greater 
mobility of the K + ion in the protoplasm.  Unpublished calculations 
by Osterhout  from  concentration  potentials  show  the  mobilities  of 
K+ to be about 75.0 and Na  + 2.2 when C1- is taken to be 1.0.  It will 
be noticed that these are roughly parallel to the protoplasmic conduct- 
ances.  Thus in  contact with 0.1 M KC1 the protoplasm  (minus  sap) 
has a  resistance of 50,000 ohms; in contact with 0.1 ~  NaC1 it has a 
resistance  of over  1,000,000  ohms.  Assuming  approximately  equal 
concentrations  of ions  in  the  protoplasm  the  mobilities  would give 
rise to these differences, qualitatively at least. 
In contact with KCI solution, the polarization of the cell (as shown 
by the "transient" effects of Fig. 1) is also much lowered.  This would 
likewise be expected if the protoplasm were an electrode reversible to 
K+ but much less so to Na +.  It would polarize when Na + ions were 
presented but allow K + to pass rather freely.  Further work on these 
effects is in progress. 
Stimulation 
It is an interesting property of the cells of Nitella to be stimulated 
by electric current, and to transm~'~hat  stimulus as a negative varia- 
tion,  giving a  typical diphasic action current comparable to that ob- 
served in muscle and  nerve.*  The times of the rise and  fall of the 
curve  (Plate-fig.  1 d)  and  of  the recovery period  are  long  enough 
for measurements of resistance changes to be made at various parts of L. R.  13LINKS  507 
the process.  This is facilitated by photographic recording, using the 
bridge as a deflection instrument in the manner previously described,  s 
so that many more points may be observed than if null balancing were 
attempted. 
The study of these phenomena is not complete, but the outstanding 
effects on  resistance  may be indicated.  The  crest  of the  negative 
variation  is really a  depression of the P.D. at the contact nearly to 
zero.  At the same time the resistance across the protoplasm is like- 
wise greatly lowered and may fall momentarily to 0.1 megohm, about 
as in contact with 0.1 ~ KC1.  This suggests that the cathodic stimu- 
lation may consist in the movement of sufficient K + ions in an outward 
current (from the sap to the external solution) to reach approximately 
such a  concentration just outside the protoplasm.  In the process of 
recovery it would be carried away by diffusion, while the P.D. and  the 
resistance return to a  higher'value. 
But, as noted earlier, even a  single stimulation leaves the cell in a 
state of much lowered resistance for some time afterward.  Continued 
stimulation causes the resistance to fall lower and lower until a  level 
of about 500,000 ohms is reached  (as if in contact with 0.01 ~  KCI.) 
Along with this fall of resistance,  there is frequently a  reduction of 
P.D. across the protoplasm, which affects the magnitude of the nega- 
tive  variation,  even  to  its  complete  suppression.  Polarization  re- 
sponses (trarisients)  also become much smaller.  There is a  slow re- 
covery from these effects if the cells are replaced in tap water, much 
like the recovery from exposure to KC1 solutions. 
It is possible that all these evidences of fatigue are simply due to an 
increase of KC1 on the surface of the cell, but there may be in addition 
a further alteration of the protoplasm.  This is suggested by the fact 
that recovery often takes place even under the continued flow of the 
same current which was sufficient to stimulate, and which presumably 
continues to carry K + ions outward at the same rate as before.  That 
P.D.'s  and  resistances  can largely return  to normal during  this  flow 
obviously requires some further m  ~:hanism of restoration.  More ex- 
periments  are  being  carried  out  on  the  process of  breakdown  and 
recovery during constant as well as changing flows of current. 508  D.  C.  RESISTANCE OF  NITELLA 
SU~[~L%RY 
The electrical resistance of Nitella cells  to direct current is deter- 
mined in a  Wheatstone bridge,  using a  vacuum-tube detector,  and 
string  galvanometer.  Very  small  currents  are  passed  through  the 
cells, to avoid stimulation.  The galvanometer record shows typical 
transient effects in the living cells at opening and closing of the cir- 
cuit, due to the development of back E.M.F. 
With 1 cm. contacts of tap water, and 1 cm. between contacts the 
resistances of living cells are usually between 1,000,000  and 2,000,000 
ohms.  They go as high as 3,500,000  ohms when the cells are in the 
best condition.  The resistance falls to about 50,000 ohms immediately 
after killing. 
Leakage around the cell is small because the wall is imbibed with 
tap  water.  By measuring the  resistance of  the  isolated wall  (air- 
filled), and by varying the areas of contact with intact cells, the effec- 
tive protoplasmic resistance is calculated.  This varies from 100,000 
to 700,000 ohms per square centimeter of surface, with a typical value 
of about 250,000 ohms per square centimeter. 
This  high resistance  represents  a  low permeability for most ions, 
since the values are nearly as high with contacts of 0.01 M NaC1, CaC12, 
LiC1, NH,  C1, and MgSO4.  The resistances are greatly reduced how- 
ever by solutions of KC1, which is correlated with a high mobility of 
the K + ion in the protoplasm. 
Electrical  stimulation  causes  a  marked  reduction  of  resistance, 
which may be due to exomosis of KCI. 
EXPLANATION OF PLATES 6 AND 7 
FIG. 1. String galvanometer records of bridge balance using Nitdta cells. 
a)  Normal  cell.  Three successive applications and removals of 15 inv. poten- 
tial; M, make, B, break.  Bridge  balanced to 3 megohms.  Detector sensitivity 
3 divisions per inv.  Time  marks, 1 second. 
b)  Injured cell.  Three successive applications and removals of 15 inv. poten- 
tial.  Bridge  balanced to  500,000 ohms.  Sensitivity as in a.  Time marks, 1 
second. 
c)  Dead cell.  (I)  Two applications  and removals of 15 my. potential.  Bridge 
balanced at i megohm.  (II)  Same  with bridge balanced at 60,000 ohms.  Time 
marks, 1 second.  Sensitivity as in a. 
d)  Normal cell, stimulated by a 50 inv. potential.  A diphasic action current 
ensues.  Sensitivity reduced; time marks, 5 seconds. THE JOURNAL OF GENERAL  PHYSIOLOGY VOL. 13  PLATE6 
(Blinks: D. C. resistance of Nitella) THE JOURNAL OF  GENERAL  PHYSIOLOGY VOL.  13  PLATE 7 
(Blinks: D. C. resistance of Nitdla) 